Abstract-We demonstrate a pulsed ytterbium-doped fiber master-oscillator power amplifier source at 1060 nm producing over 300 W of average power in 20-ps pulses at 1-GHz repetition rate. The pulses generated by a gain-switched diode were compressed by a chirped fiber Bragg grating and amplified without any distortion with excellent spectral quality. This fiber master oscillator power amplifier system offers versatility and potential for further power scaling.
I. INTRODUCTION
H IGH average power laser sources with picosecond-scale pulse duration in the 1-m wavelength range are useful for applications such as micromachining, laser projection, and free-space communications. In the continuous-wave (CW) regime, cladding-pumped ytterbium-doped fiber (YDF) lasers and amplifiers are capable of producing kilowatt power levels with excellent beam quality, high efficiency, and good thermal management [1] , [2] . To date, the pump power available from high-power laser diodes constitutes the main limitation for further power scaling. Cladding-pumped fiber technology is attractive also for power-scaling of pulsed sources. However in the pulsed regime, nonlinearities such as self-phase modulation (SPM) and stimulated Raman scattering (SRS) arising in the active core have restricted average powers obtained with fiber amplifiers to about 100 W. Thus, a gigahertz-range repetition regime with picosecond pulses appears a suitable route to a high-average-power pulsed source with a considerable peak-power level because of its efficient mitigation of the onset of nonlinearities and damages in the fiber amplifier. Gain-switching of laser diodes has proved to be a convenient and practical method to generate high repetition rate picosecond pulses. Gain-switched distributed feedback (DFB) and Fabry-Pérot (FP) lasers were primarily developed for telecommunications applications [3] - [5] at limited pulse powers. However, recently they have also been used as seed lasers for high-power cladding-pumped erbium : ytterbium-doped fiber master oscillator power amplifier (MOPA) sources emitting at 1.55 m [6] . The recent development of gain-switched FP laser diodes emitting around 1-1.1 m has now permitted an extension of this approach to YDF MOPA systems [7] . The combination of telecommunication-grade low-power gain-switched laser diodes and fiber-based power-amplifier systems thus constitutes an attractive technological approach to the development of versatile, robust, and compact high-power short-pulse sources. In this letter, we report a 20-ps pulsed YDF MOPA source with 321 W of average output power seeded by a gain-switched laser diode emitting at 1060 nm. This is a considerable improvement over other picosecond sources, which have so far been restricted in power to the sub-100-W level [8] , [9] . Compared to nonfiber sources, diode-seeded fiber MOPAs provide high efficiency, compactness, and robustness, as well as flexibility in terms of pulse parameters such as repetition rate, pulse duration, and shape. Building on our preliminary report [10] , we present further details of this result and discuss the important factors and limitations behind it. This includes the power-scaling characteristics and nonlinear effects induced in the fiber, which eventually led to linewidth broadening of the output at higher power. We analyze the linewidth evolution by theoretical calculations in order to predict the possibility of further power-scaling.
II. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 . A 1060-nm FP laser diode in a high-speed fiber-pigtailed package was gain-switched by driving it with a 1-GHz sinusoid with a superimposed dc bias current. The in the generation of strongly chirped 56-ps duration pulses [full-width at half-maximum (FWHM)] with a corresponding time-bandwidth product . The ratio of the peak pulse to the CW background was 30 dB. A linearly chirped fiber Bragg grating designed to compensate the chirp slope of 0.0025 ps was connected to the gain-switched laser diode output through a 3-dB coupler. This pulse compressor resulted in about 7-dB loss to the signal; substituting the coupler with an optical circulator would significantly improve this efficiency. The pulses were compressed to 20-ps duration (FWHM) with spectral linewidth of about 0.19 nm and average power of 0.5 mW at the coupler output. These compressed pulses were first amplified to about 5-mW average power in a 4-m-long single-mode (SM) core-pumped YDF preamplifier pumped by a 980-nm SM diode. Further amplification to 200 mW of average power was provided by a cladding-pumped SM 6-m-long GTWave ytterbium-doped fiber amplifier (YDFA) pumped by a 915-nm multimode laser diode. The output end of this YDFA was spliced to a second 8-m-long 13-m core diameter, 0.09-NA double-clad YDF, which was end-pumped by a 975-nm diode. This amplified the signal to an average power of 3 W. The signal was lens-coupled into the final high-power fiber amplifier stage via a high-power free-space isolator. This amplifier was also cladding-pumped in a counterpropagating configuration, by a diode stack at 975 nm. The ytterbium-doped double-clad fiber of the final power amplifier was 8 m long and had a 43-m diameter, 0.09 NA core. Although the large diameter makes the core slightly multimode, it provides important advantages in terms of higher pump absorption, lower nonlinear effects, and higher damage threshold. Furthermore, lower NA cores of comparable diameters can generate (nearly) diffraction-limited output [1] . The inner cladding was D-shaped with 650-and 600-m diameters for the longer and shorter axes, respectively. It was coated with a low index polymer coating providing a nominal NA of 0.48. Up to 430 W of pump power was launched into the signal output end of the fiber. This was polished at both ends at an angle of 10 to avoid any signal feedback. The pump absorption in the inner cladding was 3 dB/m at the pump wavelength. Signal and pump beam paths were split by dichroic mirrors located at both ends of the YDF.
III. EXPERIMENTAL RESULTS AND DISCUSSION
In the experiments, the seed source and the intermediate amplifiers were operated at their maximum power, while the pump power to the final-stage amplifier was varied. The characteristics of the MOPA output power are shown in Fig. 2 . The measured optical spectrum at the maximum power is shown in the inset. At the maximum pump power, 321 W of average power was reached with slope efficiency for the high-power amplifier of 78% with respect to launched pump power (79% with respect to absorbed pump power). The beam quality factor at the output of the amplifier was measured to be 2.4. The 1060-nm signal peak was 20 dB above the peak of the background amplified spontaneous emission with 0.5-nm resolution. It was estimated that the signal power represented 82% of the total output power, leading to a peak power of 13 kW. Midstage spectral filtering would significantly improve the spectral quality.
The SRS threshold was estimated to be 76-kW peak power and, as expected, SRS was not observed even at the maximum power. Autocorrelation traces measured at various power levels up to 221 W reveal no degradation in either the 20-ps pulse duration or the pulse shape, as illustrated in Fig. 3 . While the degree of polarization was not carefully monitored, measurement of autocorrelation relying on wave-plate alignment indicated variations of the state of polarization at different output powers due to thermally induced birefringence fluctuations. These made the measurement difficult. Therefore, at power levels higher than 221 W, pulse shapes were only monitored with a 20-GHz communication analyzer. However, we could not see any significant degradation of the pulse shape even at the maximum level of amplification [10] (although the resolution of this observation was limited to the bandwidth of the detector). The output spectrum evolution with respect to the average output power is shown in Fig. 4 . The spectral broadening was observed, which was mainly caused by SPM in the high-power YDFA. As a result, the 0.19-nm linewidth of the seed source, preserved up to the input end of the power amplifier, was broadened to 0.49 nm at 321 W of average power, as shown in Fig. 5 .
We analyzed the linewidth evolution by theoretical calculations in which we assumed that a constant gain along the YDFA [11] , and compared the result with the measurement in Fig. 5 . The calculated linewidths are in good agreement with the measured ones. Based on the estimate, power-scaling of our source up to 500 W in average power (or in excess) should not lead to significant degradation in linewidth so that our MOPA source should be fully compatible with frequency doubling to the green, for example. This is thanks to the large core area of the YDF.
IV. CONCLUSION
We have demonstrated a 321-W 20-ps pulse source with a 1-GHz repetition rate based on an ytterbium fiber amplifier chain seeded by a gain-switched laser diode at 1060 nm. The high repetition rate regime enabled the generation of high average power while maintaining peak power in excess of 10 kW, allowing for only relatively moderate SPM without any SRS in the fiber amplifier. The low-power electrically driven high-speed diode offers high flexibility with respect to repetition rate, easily set to obtain peak powers suited for specific applications. Furthermore, this type of master oscillator compares favorably in terms of robustness to mode-locked fiber lasers. Our results show that high-power fiber technology, previously demonstrated at 1 kW in a CW regime [3] , can also be used to power-scale pulsed picosecond-sources to several hundred watts. Since the obtained output power was only limited by available pump power, we believe that further power-scaling is possible with the current configuration. This kind of high average power, high repetition rate source represents an attractive technology for high-speed free-space ultralong-haul intersatellite or interplanetary laser communications and the generation of high average powers in the visible via nonlinear frequency conversion.
